Excised arterial tissue is shown to differ from other excised tissues by its property of retaining fractions of serum lipids that are transfiltered under pressure in the form of zonal deposits at the elastic tissue membranes. The mode of deposition of artificially produced lipid accumulations and spontaneously formed ones is probably very similar. Various factors that influence the deposition of lipid in excised arteries are examined in detail. The most important of these prove to be the structural peculiarities of arterial tissue and the concentration of lipid in the serum.
I N previous reports 1 ' 2 it was noted that if blood serum is filtered under pressure through the walls of excised arteries, the filtrate obtained contained only small fractions of the colloidal substances originally present. The concentration of these, however, was greatly increased in the unfiltered serum remaining in the vessel lumen. Frozen sections stained with Sudan IV revealed that some of the serum lipid was deposited in the arterial wall. It was pointed out that the composition of the filtrate was more nearly that of interstitial fluid than of the original serum and that the deposition of lipid was somewhat similar to that which often occurs spontaneously in arterial walls during life.
Zweifach and Chambers, 3 as a result of their extensive studies on capillary permeability, have suggested that the passage of fluid through vessel walls may not take place through the lining cells but directly through basement membranes. The integrity of the latter may well depend upon their constant association with intact, viable endothelium, but there is at least a theoretic possibility that some of the properties of these membranes may persist in excised vessels. This interpretation is supported by the analogies that have been found between in vivo fluid filtration and that observed in excised vessels. 1 ' 2 It is thus conceivable that a study of the permeability of excised arteries to blood lipids may provide some clues as to the permeability of living vessel walls to these substances. METHODS The simple method of filtration described previously 1 was used. The experiments were done in a refrigerator at 10 C. to retard bacterial growth in the serum and autolytic change in the vessel wall. The rate of filtration was slower at 10 C. than at room temperature and the deposition of stainable lipid in the vessel wall was delayed. The process of filtration was otherwise uninfluenced by temperature.
The human sera were pooled from specimens sent to the laboratory for routine anaryses and were used within 48 hours after venipuncture. The external iliac arteries were obtained at necropsy within 24 hours after death from persons dying of accidental causes. This artery was convenient because it permits fairly rapid filtration, seldom has small branches, is thick enough to withstand pressures of over 400 mm. Hg and usually shows less atherosclerotic change than the common iliac or other accessible arteries of comparable size.
When strips of adult aorta were used as filtration membranes very little filtrate could be obtained and no lipid was detected intranuirally. With delicate aortas of young children, the results were comparable to those observed with external iliac arteries of adults.
The pressure in the filtration system was regulated by means of a sphygmomanometer bulb. During the first four hours of filtration, when the rate was measured, the pressure was readjusted to 300 mm. Hg at 30-minute intervals and at longer intervals thereafter. The filtration of fluid is so slow that for the relatively short segments of artery used the pressure did not fall more than 10 mm. Hg per hour.
In a number of experiments intermittent pulsations were established artificially in the excised arteries at a pressure of about 250/125 and at a rate 176 PERMEABILITY OF ARTERIES TO LIPID of 40 per minute by connecting the vessels to an automatic pipette delivery apparatus. This did not increase the rate of filtration over that in stagnant systems nor did it lead to appreciable lipid deposition in 8 hours. The arteries withstood the effects of this mechanical stress fairly well for this period, but numerous artefacts were found in frozen sections. The filtrates obtained by stagnant and pulsating filtrations had the same chemical composition.
Cholesterol determinations were done by the Sperry-Schoenheimer method; lipid phosphorus by the Fiske and Subbarow technic; proteins by the Biuret procedure. Total lipid was measured gravimetrically on the petroleum ether soluble portion of a Bloor extract of serum.
RESULTS
The Rale of Filtration of Serum through Excised Iliac Arteries. The rate of escape of fluid through the artery wall when the lumen was distended with serum at 300 mm. Hg was very constant during the first eight hours of filtration and showed remarkably little variation in the arteries obtained from different individuals. In most determinations the rate of flow was about 1 to 3 cc. per hour per 100 sq. cm. of surface. During the second and third days of filtration it slowly diminished, but this was clue chiefly to increasing concentration of colloids in the serum retained in the vessel lumen rather than to changes in the arterial wall. If the concentrated serum within the vessel was replaced with fresh serum the rate of filtration increased to about its original level.
The rate of filtration varied inversely with the thickness of the artery wall. It was more rapid in the thinner vessels of young women than in young men, and less rapid in arteries of older age groups. These differences, however, were not very striking. The Permeability of Excised Iliac Arteries to Serum Lipids. In table 1 is shown the mean concentration of total lipid, phospholipid and total cholesterol of the original sera used, of the serum retained in the vessel lumens, and of the filtrates obtained after 48 to 72 hours of filtration at 300 mm. Hg. It may be seen that the excised arteries were equally impermeable to the three lipid components tested. Their concentration in the residual, unfiltered sera was approximately doubled. Only about 15 per cent of their original concentration was found in the filtrates. Filtrates collected in fractions during the process of filtration showed no significant changes in lipid content. The proportion of lipid that penetrated through the vessel wall did not depend, therefore, upon the concentration of lipid in the vessel lumen. The filtrates of chylous and clear sera contained the same amount of lipid.
The ratio of free to esterified cholesterol did not change in the unfiltered serum remaining in the vessel lumen after filtration from that found initially. The small amount of cholesterol in the filtrates did not have consistent ratios of free to esterified cholesterol, but both components were generally present in approximately the same proportions as in the original sera.
Some of the variations in lipid content of the filtrates obtained were undoubtedly the result of minor mechanical injuries to the tissue, such as crushing at the points of ligature and breaks in the internal elastic lamella. These were sometimes observed in histologic sections. Since in three of 74 experiments the nitrate contained no detectable cholesterol and in nine others the concentration was less than 10 mg. per 100 cc, it is at least theoretically possible that a completely intact artery would not permit the passage of any serum cholesterol.
The Relation of Age and, Sex to the Permeability of Excised Arteries to Serum Cholesterol. No significant differences in permeability of excised arteries of men and women to serum cholesterol were found. Furthermore the thicker arteries of the group from 36 to 50 years of age, many of which showed early atherosclerosis, were neither more nor less permeable to serum cholesterol than were the thin, freely elastic vessels of young individuals.
The Intramural Deposition of Lipid in Excised Arteries. After an initial period of about 24 hours filtration, lipid could regularly be demonstrated in the wall of the vessels with Sudan IV stains on frozen sections cut at 75 micron thickness. The earliest deposit was found at the lower or distal end of the vessel and at the outer margin of the media, but in some instances the first deposit was intimal or subintimal. As filtration proceeded the deposits became more abundant and continuous through the vessel. They were always heaviest at the lower or distal end where the concentration of colloids in the serum was greatest.
Two distinct zones of lipid deposits were found, one at the outer edge of the media ( fig. 1 ) and the other at the junction of intima and media (figs. 2 and 3). One or the other of these two zones might show the heaviest lipid deposits, but this was not always true. The internal elastic lamella itself was not impregnated with lipid. Spontaneous lipid deposits were sometimes found in the filter segments even though there was no gross evidence of intimal change and even though control sections from immediately adjacent areas of the artery were free of lipid. It was usually possible to distinguish spontaneous deposits from those artificially produced since the latter were not in free droplet form and were not found within phagocytes.
The zonal arrangement of the lipid deposits appeared to be determined by the arrangement of elastic lamellae. In the external iliac artery, a vessel that is transitional between an elastic and a muscular artery, the heaviest concentrations of elastic fibers are at the intimal-medial and medial-adventitial junctions. The internal elastic lamella apparently acts as an obstacle to the passage of lipid, for heavy wedge-shaped zones of lipid deposition were found at points where the internal elastic membrane was broken ( fig. 6 ). The apex of these wedges was at the point of rupture; the base was directed against the outer medial border. Beneath such wedges small amounts of lipid were sometimes seen in the fibrous tissue of the adventitia. The latter layer was otherwise never impreg-nated. Intimal deposits of lipid were found most often when the concentration of lipid in the fluid within the vessel lumen was high.
With Sudan Black and Oil Red 0 stains the lipid deposits seemed more abundant than with Sudan IV. Osmic acid did not stain the lipid; cold acetone removed it from frozen sections. The lipid masses were not doubly refractive. Schultz reactions for cholesterol were positive. The zones of lipid deposition were fuchsinophilic and clearly demarcated in periodic acid-Schiff stains on paraffin embedded arteries. The newly deposited lipid could not be recovered by extraction in a Waring blendor by the technic of Folch and associates 4 or in a Soxhlet reflux condenser with diethyl ether.
The amount of stainable lipid deposited depended in general upon (1) the rate of filtration, (2) the duration of the filtration period and (3) the concentration of lipid in the serum within the vessel lumen. If new serum was constantly introduced into the vessel lipid deposition was markedly reduced.
When chylous sera were used as the filtering fluids, the rate of lipid deposition was not increased indicating that the excess and probably protein unbound neutral fats did not readily penetrate into the vessel. When such milky sera were "cleared" by passage through a No. 1 Seitz filter the total lipid content was reduced to less than 1 Cm. per 100 cc.
That the deposition of lipid depends upon filtration of serum under pressure and not upon simple diffusion into and impregnation of tissue is easily demonstrated. If a narrow metal cuff or heavy ligature is placed externally around the artery so that it just fits the vessel, preventing distension under pressure, no lipid will be found in this area of the vessel wall even after prolonged filtration of serum ( fig. 4 ).
Concentration of serum lipid in the vessel lumen during filtration is an important factor in lipid deposition. The degree of lipid concentration at the intimal surface in the stagnant filtration system is probably greater than revealed by analysis of the unfiltered serum. When marked concentration of lipid does not occur, as when serum is filtered through veins, 2 no lipid deposits are found intramurally.
When hypercholesterolemic sera of rabbits ERMEABILITY OF ARTERIES TO LIPID Photomicrographs are of human external iliac arteries through which blood serum was filtered at 300 mm. Hg and 10 C. fed cholesterol, or of dogs on thiouracil and cholesterol feeding, were filtered through excised human iliac arteries heavy lipid deposits were usually found, sometimes within a few hours ( fig. 5 ). In a few instances very little lipid was noted in the vessel after 90 hours of filtration, even though the final concentration of cholesterol was as high as 2,000 mg. per 100 cc. On the other hand, in one experiment normal rabbit serum with an initial cholesterol content of only 60 mg. per 100 cc. and a total lipid of only 0.545 Gm. per 100 cc. was used. A light lipid deposit was found in the artery wall after 90 hours of filtration even though the final concentration of cholesterol was only 188 mg. per 100 cc. and total lipid 1.05 Gm. per 100 cc. These discrepancies suggest that changes may occur in the lipid components of serum or in the ratio of these to other constituents during nitration that may influence the tendency of lipid to enter and deposit in the vessel. This is further suggested by the fact that if the concentrated serum is diluted with 0.9 per cent saline late in the course of a filtration, the rate of lipid deposition is usually appreciably accelerated. This, however, may be explained by the increased rate of filtration that ensues. If normal serum is used to dilute the concentrated serum the rate of lipid deposition is slowed down with only a slight rise in the rate of nitration.
Globulin is slightly and albumen is considerably more filterable than lipid. 2 During filtration the ratio of lipid fractions to each other is constant; that of lipid to globulin increases slightly; that of lipid to total protein increases considerably. In individual experiments there was no correlation between the amount of lipid found in the vessel wall and the ratio of various lipids to protein fractions found in the unfiltered fluid remaining in the vessel after filtration. These ratios, however, may not necessarily reveal the relative concentrations of these materials at the actual filtration surface in the stagnant column of fluid within the vessel. The Influence of Age and Sex on the Deposition of Lipid in Excised Iliac Arteries. In tables 2 and 3 the amount of lipid found in frozen sections after filtration for 40 to 48 hours at 300 mm. Hg and 10 C. is shown by age and sex. Only arteries with minimal spontaneous atherosclerosis were selected. The newly formed lipid deposits were distinguishable from spontaneous ones because the latter do not occur in the outer media and do not form rectilinear streamers in the subintima. Spontaneous lipid deposits were not dislodged by the filtration process. There were no pronounced differences in the amount of lipid deposited by filtration of sera through the arteries of men and women. In the group of young women from 16 to 25 years of age with thin, delicate arteries, relatively large amounts of filtrate were obtained in -±0 to 48 hours, yet no more lipid was found than in the arteries of men from 16 to 25 years of age through which the rate of filtration was considerably slower. This suggests that the arterial tissue of young women is less likely to retain serum lipid on filtration than is that of young men.
In older age groups there is some diminution in the amount of lipid deposited in the intima of both women and men and in the outer zone of the media of men. This may be associated with the slower rates of serum filtration in these age groups. This in turn is related to increased thickness of the vessel wall. In men the intima in the group from 36 to 50 years often shows considerable fibrous thickening. This may account for the small amounts of lipid found in the outer media of this group.
Refdtration of Serum and Serum Filtrate through Excised Iliac Arteries.
Since serum lipids exist in various physicochemical aggregates, the lipid recovered in the filtrate should be able to pass freely through the walls of a second iliac artery, and the lipid retained in the unfiltered serum after an initial filtration should have lost the lipid components that were able to enter the walls of the first artery used as a filtration membrane. This reasoning was tested by refiltering the filtrates and unfiltered fractions recovered after an initial filtration of 72 to 90 hours through new iliac arteries. Filtrates with a relatively high cholesterol content (mean, 55 mg. per ]00 cc.) were selected. The results are shown in table 4.
The lipids of both the filtrates and retained sera behave in much the same fashion as did the lipids of the original whole sera. Only a small proportion of the lipid that passed through the wall of the first artery was able to escape through the wall of the second one, and the concentration of cholesterol in the lumen of the second vessel was doubled. Six of 12 final filtrates contained no detectable cholesterol. Similarly, the unfiltered serum recovered after the first filtration contained about as much filterable lipid in the second nitration as did the original serum.
Frozen sections o" the arteries used for second filtrations revealed new deposits of lipid. These were scanty when the initial filtrates with low lipid content were refiltered, but very abundant when the concentrated unfiltered fractions were refiltered. If the refiltration of the latter was stopped in 8 to 12 hours, newly deposited lipid could already be demonstrated in the second artery.
These observations indicate that there are no fixed aggregates of serum lipids, perhaps of different participate size, which can be segregated by forced filtration through arterial tissue. The amount of lipid that escapes or enters the artery wall appears to vary directly to some extent with the concentration of lipid in the sera within the lumen of the vessel.
Permeability of Excised Nonarterial Tissues
to Serum Colloids. Segments of ureter, terminal ileum and whole appendices were used as filters. These also prevented free passage of serum lipid, but in varying degrees. All permitted a much faster rate of serum filtration than did arteries. The ureteral filtrates contained less cholesterol (7.0 per cent) but more protein (albumen 76.9 per cent, globulin 33.3 per cent) than arterial filtrate. The permeability of the terminal ileum was very similar to that of arteries. Filtrates from appendices contained 55.0 per cent of the original serum cholesterol and over 80 per cent of the protein. The appendix is thus as permeable as are iliac veins. 2 Deposits of lipid were not found in any of the nonarterial tissues used as filters even though large amounts of serum had passed through their walls and even though, in the case of the ureter, there was marked concentration of cholesterol in the unfiltered serum within the lumen.
DISCUSSION
It can be estimated from the volumes of serum and filtrate involved in an average experiment that less than 2 mg. of cholesterol were deposited in each vessel wall. This amount, while stainable, was too negligible to be recovered by ordinary methods of extraction. In the presence of viable cells and an intact circulation the permeability of the intima may be totally different from the permeability in the excised artery. Yet intimal lipids are believed by many to be derived by diffusion from the blood. The avascular inner zones of arteries probably obtain nutritive materials by permeation of liquid materials through the inner surface of the vessel. L'pid may be a minor constituent of this transudate.
Two apparent differences between arti-ficially produced and spontaneous lipid deposits are that the latter are never found in the outer zone of the media and tend to increase rather than decrease in the arteries of older individuals. It must be assumed, therefore, that lipid penetrating beyond the intima during life meets no further resistance and is removed by the adventitial circulation. Since the latter is lacking in the excised artery, some of the lipid is trapped against the external elastic membrane. Lipid held in the intima has no ready mode of escape. The amount of intimal lipid is thus a measure of an artery's susceptibility to lipid deposition during life. It is noteworthy that more permeable tissues do not retain lipid after voluminous nitrations. This suggests that the thin-walled arteries of young persons and notably those of women are less capable of retaining lipid in the intima than the thicker walled vessels of older persons. A thickened intima may admit relatively little lipid during life but will retain a larger proportion of that which does enter.
No such degree of hemoconcentration could conceivably occur in vivo as results from serum filtration through excised arteries. Lipid deposition under the latter conditions must be grossly exaggerated by the changes in serum lipid concentration. It is possible, nevertheless, that lesser degrees of hemoconcentration that occur transiently during life may influence lipid deposition in arteries. Flecks of intimal lipid are sometimes found in severely dehydrated infants although admittedly these have never been related to the state of dehydration. Klotz 5 and MacCallum 6 noted unusually widespread intimal lipid streaks at necropsy in cases of typhoid fever, a finding not observed in other forms of toxemia. Severe, protracted dehydration and hemoconcentration were once common in such patients.
The constancy of the amounts of lipid and protein found in the filtrates indicates that there was no undisclosed leakage through traumatized areas. Since no differences in the character of the lipid filtered or retained were detected, it must be assumed that the partial and limited degree of permeability of the various tissues tested to serum colloids depends upon their stratified structure. It is pos-sible that the various layers differ in porosity and that they are so attached to one another that some points permit passage of serum colloids and others are impermeable.
Differences in permeability of the various tissues tested must depend upon the amount and arrangement of smooth muscle and elastic fibers, and of loose and compact fibrous tissue. The findings suggest that elastic fibers and compact fibrous tissue are highly impermeable to serum colloids but that areolar connective tissue and smooth muscle are only moderately resistant. The relative impermeability of arterial tissue and the tendency of lipid deposits to form within them probably depend upon their compact structure and the presence of elastic membranes at the internal and external boundaries of the media.
Whatever interpretation is placed upon the findings reported, it is a remarkable coincidence that only arteries retain lipid during artificial filtrations of serum, since this is the only one of the tissues tested in which abnormal lipid deposits are found with any frequency during life.
Assuming that permeability of excised tissues is a measure of the permeability of tissues in vivo, our observations suggest that differences in composition between vascular and interstitial fluid do not depend entirely upon the impermeability of vascular endothelium. The inability of excess lipid of chylous serum and artificially prepared colloidal solutions of free cholesterol 2 to penetrate into excised tissues even under pressure of 300 mm. Hg indicates that free lipids are less filterable than serum lipoproteins. The limited filterability of serum lipids may in fact depend upon their linkage with protein.
SUMMARY AND CONCLUSIONS
The permeability of excised tissues was measured by filtration of blood serum under pressure. Arteries, ureters and small intestines were only slightly permeable to serum lipids and proteins; veins and appendices permitted passage of a large proportion of these materials.
The permeability of excised arteries differed from that of the other tissues in that the rate of filtration was much slower and in the fact that after prolonged filtration lipid was deposited intramurally. The excised artery was equally impermeable to serum cholesterol, phospholipid and total lipid.
The retention of lipid intramurally by arterial tissue on filtration probably depends upon the compact structure of the artery and the relative impermeability of its elastic tissue membranes. This was indicated by the zonal accumulation of lipid at the internal and external elastic lamellae. Smooth muscle and loose areolar connective tissue offer only moderate resistance to the passage of serum lipid. Concentration of serum lipid during the course of filtration is an important factor in the deposition of lipid intramurally. No evidence was obtained that some components of serum lipoprotein are more filterable than others. The neutral fats of chylous serum were unable to enter the walls of excised arteries.
The composition of filtrates obtained by passage of serum through the walls of arteries of young and middle aged adults was the same. The rate of filtration through the thicker arteries of older individuals was reduced. The amount of lipid deposited was also reduced, especially at the outer margin of the media. Fibrous intimal thickening retarded the entrance and passage of lipid under the conditions of the experiment, although the concentration of lipid in the filtrate was unchanged.
